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Oxidative stress is involved in the pathogenesis of
diabetes and its cardiovascular complications. Metal-
lothionein (MT), a stress-response protein, is signifi-
cantly increased in the liver and kidney of diabetic
animals. We examined whether diabetes also induces
cardiac MT synthesis through oxidative damage and
whether MT overexpression protects the heart from
injury. Diabetes was induced in mice by single injec-
tion of streptozotocin (STZ), and cardiac MT mRNA
and protein levels were measured 2 weeks and 2
months after STZ treatment. Diabetes significantly in-
creased cardiac MT synthesis 2 weeks and 2 months
after STZ treatment, with no change in cardiac metals
including zinc, copper, and iron. Serum and cardiac
vasopeptide endothelin and inflammatory cytokine
tumor necrosis factor-� were also significantly increased
in diabetic hearts, as were the ratio of oxidized to reduced
glutathione and the immunohistochemical staining of
3-nitrotyrosine and 4-hydroxynonenal. To explore the bi-
ological importance of increased MT synthesis in the
heart, MT-overexpressing transgenic mice were treated
with STZ and then examined 2 months later. A loss of
inotropic reserve, uncovered during �-adrenergic stimu-
lation, and the presence of cardiac fibrosis, shown by
increased Sirius red staining of collagen, were evident in
the wild-type diabetic mice but not in the MT-overexpress-
ing transgenic diabetic mice. These results suggest that
diabetes-induced cardiac MT expression likely associates
with systemic increases in endothelin-1 and tumor necro-
sis factor-� and the resulting cardiac oxidative stress. Over-
expressing cardiac MT significantly protects the heart
from diabetes-induced injury. (Am J Pathol 2005,
167:17–26)

Diabetes and its cardiovascular complications are re-
lated to multiple pathogenic factors, including hypergly-
cemia, hyperlipidemia, and inflammatory response.1–3

However, the pivotal mediator for the pathogenesis of
diabetes and its cardiovascular complications is oxida-
tive stress, directly or indirectly derived from the multiple
factors mentioned above.2,3 Oxidative stress is defined
as the imbalance between the production of reactive
oxygen and nitrogen species (ROS and RNS) and anti-
oxidant capacity.3,4 Diabetes impairs cardiac antioxidant
capacity, showing decreases in enzymatic (superoxide
dismutase, catalase, glutathione peroxidase) and nonen-
zymatic (vitamin C, E, or A) antioxidant defenses, as well
as total radical-trapping antioxidant capacity in the
heart.4–6 In addition to impaired defenses, diabetes also
causes ROS and RNS overproduction in the hearts of
diabetic animals and patients.2–4 In response to the dia-
betes-derived oxidative stress, however, cardiac com-
pensatory mechanisms to protect the heart from these
deleterious effects, such as induction of heat shock pro-
tein and metallothionein (MT), may take place7–9 be-
cause MT is up-regulated in the heart challenged by
other oxidative stresses.10,11

MT is a cysteine-rich, metal-binding protein. Four ma-
jor isoforms of MT have been identified in mammalian
tissues, but MT-I and MT-II are the major isoforms found
in most tissues.10,12 Several physiological roles have
been proposed for MT, including detoxification of poten-
tially toxic heavy metals, such as cadmium (Cd), and
homeostasis of essential metals, such as zinc (Zn) and
copper (Cu). MT is also a potent antioxidant, interacting
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with various ROS and RNS more efficiently than do other
antioxidants in cell-free systems.10,12–14 MT exists in
most organs, including in animal and human hearts, and
is inducible to a high level by various oxidative or patho-
genic stresses.9–12 Zn and Cu, major metals that bind to
MT under physiological conditions, significantly induce
MT synthesis in various organs.10,12,14

We have demonstrated that MT levels increase in re-
sponse to chronic stress, such as allogenic and isogenic
organ transplantation,15 which may be induced by in-
flammation factors including interleukin (IL)-6 and tumor
necrosis factor (TNF)-�.15–17 Enhanced expression of he-
patic and renal MT in diabetic rats was also indicated in
our previous study.18 A literature search showed organ-
specific patterns for diabetes-induced MT expres-
sion.19,20 Diabetes-induced renal MT was metal-depen-
dent, whereas hepatic MT was metal-independent.18–20

MT plays a critical role in Zn and Cu homeostasis, which
is required to maintain normal cellular functions in differ-
ent tissues, and diabetes-derived abnormal homeostasis
of Zn or Cu may be related to the development of diabetic
cardiovascular complications.21,22 To date, however, it
remains unclear whether diabetes affects cardiac MT
expression.

The antioxidant function of MT in the heart has been
extensively implicated.10,23 Previous induction of cardiac
MT by various agents significantly prevented hearts from
oxidative damage.23–26 Using a cardiac-specific MT-
overexpressing transgenic mouse, significant protection
of the heart from diabetes-induced injury was also ob-
served in our previous studies and others.27–31 However,
in these transgenic mice, MT was overexpressed only in
cardiac myocytes and was �20- or 100-fold higher than
that of control mice. Such high level of cardiac-specific
MT expression would be impossible to be manipulated
by pharmaceutical approach such as administration of
MT inducers.

This study, therefore, was aimed: 1) to investigate the
effect of diabetes on cardiac MT expression by measur-
ing MT mRNA and protein contents; 2) to explore the
mechanisms for cardiac MT induction by measuring car-
diac metal levels (Zn, Cu, and iron, Fe), systemic and
cardiac vasopeptide (endothelin-1, ET-1), and inflamma-
tion factor (TNF-�, IL-6) levels, and cardiac oxidative
damage; and 3) to explore the biological importance
of MT expression at an inducible level in preventing
diabetes-induced cardiac injury by comparing MT-
overexpressing transgenic (MT-TG) with their wild-type
(WT) diabetic mice.

Materials and Methods

Diabetic Mouse Model

FVB mice, obtained from Harlan Bioproducts for Science,
Inc. (Indianapolis, IN), MT-TG mice, and WT control mice
(C57BL/6), purchased from The Jackson Laboratory (Bar
Harbor, ME), were housed in the University of Louisville
Research Resources Center at 22°C with a 12-hour light/
dark cycle and free access to rodent chow and tap water.

All animal procedures were approved by the Institutional
Animals Care and Use Committee, which is certified by
the American Association for Accreditation of Laboratory
Animals Care. Eight-week-old male mice were intraperi-
toneally given a single dose of streptozotocin (STZ;
Sigma Chemical Co., St. Louis, MO) at 150 mg/kg body
weight, dissolved in sodium citrate buffer (pH 4.5). On
day 3 after STZ treatment, whole blood glucose obtained
from mouse tail-vein was detected using a SureStep
complete blood glucose monitor (LifeScan, Milpitas, CA).
STZ-treated mice with whole blood glucose higher than
250 mg/dl were considered as diabetic. Mice serving as
vehicle controls were given the same volume of sodium
citrate.32 Experimental measurements were performed in
the control and diabetic mice 2 weeks and 2 months after
STZ treatment because these will reflect both early and
late response of the heart to diabetes. To avoid the direct
effect of STZ on cardiac MT expression a group of insulin-
treated diabetic mice was included for 2-week experi-
ments, as described previously.32 For 2-month experi-
ments, the insulin-treated diabetes group was not
included because MT protein turnover is �3 or 4 days in
most tissues and its expression in such late period after
STZ treatment will be unlikely affected.10,23–26

Measurements of Blood Glycated HB-A1, and
Serum Triglyceride, ET-1, IL-6, and TNF-�

Whole blood was collected from dorsal vena cava of the
anesthetized animals. Noncoagulated whole blood was
used to measure glycated Hb-A1. Serum was prepared
using a serum separator apparatus (Becton Dickinson,
Rutherford, NJ) to measure triglyceride level using a kit
from Sigma Chemical Co. and ET-1, IL-6, and TNF-�
levels using their corresponding enzyme-linked immu-
nosorbent assay kits from Cayman Chemical Co. (Ann
Arbor, MI).33,34 Selection of IL-6 and TNF-� was because
these inflammatory factors were found to be increased in
diabetic mice in our previous studies34 and are also a
potent MT inducer.15–17 Selection of ET-1 is because we
have demonstrated that ET-1 plays important roles in
mediating the enhanced MT expression in the liver and
kidney of diabetic rats,18 and also the development of
diabetic cardiomyopathy.35,36

MT mRNA Measurement by Northern Blot
Assay

Total cellular RNA was extracted from frozen tissues us-
ing the Trizol reagent. Random-primed first-strand cDNA
was prepared from total cellular RNA using Superscript II
and amplified by polymerase chain reaction (PCR) using
mouse MT II primers (sense primer, 5�tctcgtcgatct-
tcaacc-3�; anti-sense, 5�-ggcttctacatggtctatttac-3�). The
purified PCR fragment was subcloned into a PCR II vec-
tor as a template for synthesis of the cRNA probe. The
plasmid was linearized with NCO I, and the anti-sense
cRNA probe was produced using the T7 RNA polymer-
ase Maxiscript kit (Ambion, Austin, TX) in the presence of
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�32-UTP (Amersham, Piscataway, NJ). Total cellular RNA
extracted from heart samples (15 �g/lane) was fraction-
ated by electrophoresis through denaturing (0.66 mol/L
formaldehyde in 1% agarose) gel, downward transferred
onto nylon membranes, and vacuum-dried at 80°C for 2
hours. Membranes were prehybridized for 1 hour and
then hybridized with the anti-sense cRNA probes, as
described above, in the hybridization solution (Ambion)
at 68°C for 16 hours. Membranes were then washed
under high-stringency conditions (final wash 0.1� stan-
dard saline citrate at 68°C) while monitored with a Geiger
counter. Radioactivity was recorded on X-ray film.

Immunohistochemical Examinations for Cardiac
MT, 3-Nitrotyrosine, and 4-Hydroxynonenal

Expression of cardiac MT, 3-nitrotyrosine (3-NT), and
4-hydroxynonenal (4-HNE) was examined by immunohis-
tochemical staining with monoclonal mouse anti-MT an-
tibody (Zymed Laboratories, Inc., San Francisco, CA),
rabbit anti-NT antibody (Upstate Biotechnology, Lake
Plaid, NY), and rabbit anti-HNE antibody (Alpha Diagnos-
tic Int., San Antonio, TX). Cardiac tissues were collected
from diabetic FVB mice 2 weeks and 2 months after STZ
treatment. After deparaffinization and redehydration, the
slides were subjected to quenching endogenous perox-
idase activity using 3% H2O2 for 10 minutes at room
temperature. Nonspecific binding sites were blocked by
5% normal rabbit serum for 30 minutes. Sections were
incubated with primary antibodies overnight at 4°C. The
sections were then incubated with biotinylated rabbit
anti-mouse IgG for 20 minutes, followed by incubation
with streptavidin-horseradish peroxidase for 20 minutes.
The antibody binding sites were visualized by incubation
with a diaminobenzidine-H2O2 solution. Methyl green
counterstaining for MT staining and no counterstaining
was used for 3-NT and 4-HNE staining. Semiquantitative
analysis for 3-NT and 4-HNE was performed by comput-
erization of the percentage of the positive staining from
five samples in each group with two sections for each
sample and five images for each section.

MT Protein Measurement by Western Blot and
Cadmium-Hemoglobin Assays

Cardiac tissues were homogenized with a lysis buffer
containing 25 mmol/L Tris-HCl (pH 7.4), 0.5 mol/L EDTA,
0.5 mol/L EGTA, 1 mmol/L phenylmethyl sulfonyl fluoride,
25 �g/ml leupeptin, and 0.1% Chaps and centrifuged at
12,000 rpm at 4°C in a Beckman GS-6R centrifuge for 10
minutes. The suspension was collected and protein con-
centration was determined. The sample was diluted in
loading buffer (40 mmol/L Tris-HCl, pH 6.8, 1% sodium
dodecyl sulfate, 50 mmol/L dithiothreitol, 7.5% glycerol,
0.003% bromophenol blue), heated at 95°C for 5 minutes,
and then subjected to electrophoresis on 16% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gel at
120 V. Proteins were transferred from gels to polyvinyli-
dene difluoride membrane. Membranes were incubated

in 2.5% glutaraldehyde solution for 1 hour, and then were
rinsed briefly with Tris-buffered saline buffer and blocked
in blocking buffer (5% milk and 0.5% bovine serum albu-
min) for 1 hour, followed by three washes with Tris-buff-
ered saline containing 0.1% Tween 20. The rabbit anti-MT
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) at a dilution of 1:300 was used and antigen-antibody
complexes were then visualized by ECL kit (Amersham).

MT levels in the heart were determined by a cadmium-
hemoglobin (Cd-hem) assay.15,18 Briefly, an aliquot of the
cardiac protein suspension was diluted with 10 mmol/L
Tris-HCl buffer (pH 7.4) and incubated with 10 ppm
109Cd solution with known specific activity to saturate the
metal-binding sites of MT. Excess Cd was removed by
adding hemoglobin and centrifugation. The Cd concen-
trations in the final supernatant were calculated from the
radioactivity of the 109Cd, which were measured by a �
counter and converted to MT concentration on the basis
of 7 g-atoms of Cd/MT. Total hepatic MT concentration
was expressed as �g/g wet tissue.

Measurements of Cardiac Metals

Cardiac metal concentrations were determined by using
inductively coupled argon plasma emission spectros-
copy (model 35608; Thermo ARL-VG Elemental, Franklin,
MA) after lyophilization and digestion of the tissues with
nitric acid and hydrogen peroxide.37 Metal levels were
expressed as �g/g dry tissue.

Measurements of Cardiac ET-1, IL-6, and
TNF-�

Heart samples for measurements of ET-1 and TNF-� were
prepared according to our previous publication.34 Briefly,
heart samples were homogenized in 3 vol of ice-cold
Ripa buffer. After incubation on ice for 30 minutes, sam-
ples were centrifuged twice at 20,000 � g for 10 minutes
at 4°C. The resulting supernatants were used for assay.
The TNF-� levels were detected by ET-1, IL-6, and TNF-�
enzyme-linked immunosorbent assay kits, and ex-
pressed as pg/g heart tissue.33,34

Cardiac Reduced and Oxidized Glutathione

Cardiac GSH and oxidized GSH (GSSG) concentrations
were determined by the glutathione-disulfide reductase
and 5�5-dithiobis (2-nitrobenzoic acid) recycling assay,
as described previously.38 Briefly, cardiac tissues were
homogenized with 5% sulfosalicylic acid and centrifuged
at 10,000 � g for 5 minutes. The supernatant of each
sample was divided into two aliquots. One aliquot was
directly used to measure total glutathione and another
aliquot was first treated with 2-vinylpyridine to block the
GSH, followed by measuring the GSSG. The reduced
GSH value was determined by subtracting GSSG from
total glutathione, and the ratio of GSSG/GSH in mol was
used as the index of the existence of oxidative stress in
the present study.
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Assessment of Left Ventricular Hemodynamic
Performance

General measurements of cardiac performance were
performed using in situ left ventricle (LV) hemodynamic
analysis as described previously.39 Mice were anesthe-
tized using tribromoethanol (0.5 mg/g body weight, by
0.25 ml/g i.p. injection). After the catheter was slowly put
in the LV the animal was allowed to stabilize for 20 to 30
minutes before recording of the waveform for up to 2
hours. Isoproterenol was used to generate �-adrenergic
stimulation of the LV function. The right femoral vein was
cannulated with PE 10 tubing and connected to a Har-
vard Apparatus/22 microinjecion pump for the infusion of
isoproterenol. After 30- to 45-minute stabilization period,
isoproterenol was infused at a rate of 0.02 ml/min (1.6 ng
isoproterenol/minute/g body weight) for 1 minute at each
time. Cardiac functional changes in response to isopro-
terenol were recorded immediately after the infusion for
20 to 30 minutes at which time cardiac function was
recovered to baseline.

Histopathological Examination for Cardiac
Fibrosis

Cardiac fibrosis was examined by Sirius red staining of
collagen as described in our previous study.40 For Sirius
red staining, sections of 5 �m thickness, prepared as
described for immunohistochemical staining, were
stained with 0.1% Sirius red F3BA and 0.25% Fast green
FCF, and the Sirius red-stained sections were assessed
for the proportion of fibrosis (collagen) in the heart tissues
using computer-assisted image analysis system as de-
scribed above for 3-NT and 4-HNE.

Statistic Analysis

All measurements are expressed as mean � SD. The
data were analyzed by analysis of variance and the New-
man-Keuls multiple comparison test. Differences be-
tween groups were considered significant at P � 0.05.

Results

STZ-Induced Diabetic Model

Mice treated with STZ were considered diabetic if their
whole blood glucose levels are equal to or more than 250
mg/dl. Some of the diabetic mice were treated with insu-
lin, called insulin-treated diabetic mice; this group is to
control for any possible direct effect of STZ on cardiac
MT expression independent of diabetes. Body weight
measurement showed that diabetic mice had signifi-
cantly lower body weight gain than control mice (Figure
1A). Glycated Hb-A1 and serum triglyceride were signif-
icantly increased in the diabetic mice (Figure 1, B and C).
All these changes were prevented by insulin treatment,
which is consistent with our previous studies.32

Cardiac MT Induction in Response to Diabetes

Diabetes-induced cardiac MT synthesis in the hearts of
diabetic mice 2 weeks and 2 months after STZ treat-
ment was first evidenced by immunohistochemical
staining (Figure 2; A to D), and was quantitatively
analyzed by Western blot (Figure 2E). In addition,
quantitative analysis was also performed by Cd-hem
assay in control and diabetic mice 2 months after STZ
treatment (Figure 2F). These results showed that MT
content was significantly increased in the hearts of
diabetic mice 2 weeks (2.5-fold) and 2 months (1.5-
fold) after STZ treatment, but not changed in the hearts
of insulin-treated diabetic mice, suggesting that the
induction of cardiac MT is diabetes related. To inves-
tigate whether the increased MT protein was due to
up-regulation of its transcriptional level, MT-II mRNA
was analyzed by Northern blot in the hearts of diabetic
mice 2 weeks after STZ treatment (Figure 3A). Results
showed that diabetes induced a significant increase in
MT-II mRNA expression, and insulin treatment signifi-
cantly prevented the diabetes-increased expression of
cardiac MT mRNA.

Figure 1. STZ-induced diabetic model. Body weight gain (BWG, A), glycated hemoglobin (Hb-A1, B), and serum triglyceride (Tg, C) were measured in the
control (white columns), diabetic mice (black columns), and insulin-treated diabetic mice (gray columns) 2 weeks (2 W) and 2 months (2 M) after STZ
treatment. *P � 0.05 versus control; #P � 0.05 versus diabetes.

20 Song et al
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No Change of Cardiac Metals in Response to
Diabetes

Although metals such as Zn and Cu are the most com-
mon inducer for MT synthesis, no change of cardiac Zn,
Cu, and Fe was found in the diabetic mice either 2 weeks
or 2 months after STZ treatment (Figure 3B). To confirm
the experimental model, hepatic MT and Zn contents
were also measured. Hepatic MT induction (MT �g/g
tissue: 16.5 � 3.2 in diabetic liver versus 5.8 � 0.4 in
control liver, P � 0.05) was accompanied by a significant
decrease in hepatic Zn level (�g/g tissue: 101.3 � 0.6 in
diabetic liver versus 90.2 � 0.8 in control liver, P � 0.05,
for 2 weeks after STZ treatment, and 104.6 � 1.3 in
diabetic liver versus 88.5 � 2.3 in control liver, P � 0.05,
for 2 months after treatment), as observed by our and
other previous studies using diabetic rats.18,20

Increases in Serum and Cardiac TNF-� and ET-
1 Levels in Response to Diabetes

Because diabetes is a systemic problem, whether the car-
diac MT induction is associated with systemic response
was explored. Serum levels of total ET-1 and TNF-� were
measured by enzyme-linked immunosorbent assay method
and significantly increased in the diabetic mice 2 weeks

and 2 months after STZ treatment (Figure 4). Cardiac levels
of TNF-� (2 weeks after STZ treatment) and ET-1 (both 2
weeks and 2 months after STZ treatment) were also ele-
vated in the diabetic mice. These changes observed in
diabetic group were completely prevented by insulin treat-
ment (Figure 4). Undetectable levels of serum and cardiac
IL-6 were noted in both control and diabetic mice under
current experimental condition (data not shown).

Induction of Cardiac Oxidative Stress in
Response to Diabetes

Increases of ET-1 and TNF-� in serum and in the heart may
contribute to cardiac oxidative stress and damage.4,33,34,41

Therefore, the ratio of GSSG/GSH was measured in the
hearts of control and diabetic mice 2 weeks after STZ treat-
ment, and significantly increased (approximately threefold)
in the diabetic hearts compared to control (0.014 � 0.002 in
the hearts of control mice versus 0.037 � 0.001 in the hearts
of diabetic mice 2 weeks after STZ treatment, P � 0.05),
suggesting the existence of cardiac oxidative stress. To
further explore the existence of oxidative stress-caused
damage in this experimental model, 3-NT and 4-HNE were

Figure 2. Diabetes-induced cardiac MT protein expression. Cardiac MT pro-
tein was measured by immunohistochemical staining (A–D), Western blot
(E), and Cd-hem (F) assays in the diabetic mice 2 weeks (2 W) and 2 months
(2 M) after STZ treatment. A: Control; B: diabetes at 2 weeks; C: insulin-
treated diabetic mice at 2 weeks; D: diabetes at 2 months. In F, white
column and black column represent control and diabetic mice 2 months
after STZ treatment. *P � 0.05 versus control; #P � 0.05 versus diabetes. Figure 3. Diabetes-induced cardiac MT mRNA expression and metal

changes. Cardiac MT mRNA was measured by Northern blot in the diabetic
mice 2 weeks after STZ treatment. Cardiac metals were measured in the
control (white columns) and diabetic mice (black columns) 2 weeks (2
W) and 2 months (2 M) after STZ treatment. *P � 0.05 versus control; #P �
0.05 versus diabetes.

Cardiac MT and Diabetic Cardiotoxicity 21
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examined by immunohistochemical staining (Figure 5). Sig-
nificant increases in 3-NT and 4-HNE staining were ob-
served in diabetic hearts but not in the hearts of control and
insulin-treated mice (Figure 5).

Diabetes-Induced Cardiac Injury was Prevented
in MT-TG Diabetic Mice

Our previous studies27–29 have shown the significant pre-
vention of diabetic cardiomyopathy in the cardiac-spe-

cific MT-overexpressing transgenic mice, which is con-
sistent with other studies.30,31 It should be mentioned that
in those mice MT is �20- or 100-fold higher than control
mice and also only in the cardiac myocytes. However,
up-regulated MT synthesis in response to diabetes is
unable to reach to 20-fold higher relative to control level
and also not only in the heart. Therefore, whether system-
ically overexpressing MT with a cardiac MT content at the
level similar to diabetes-induced cardiac MT expression
can prevent diabetes-induced cardiac injury was exam-
ined using the MT-TG mice in the following experiments.

In these MT-TG mice MT is overexpressed in all tissues
including the heart.42 Our measurement of cardiac MT in
these mice was approximately threefold higher (12.3 �
1.0 �g/g tissue) in the MT-TG mice than that in the WT
mice (3.8 � 0.3 �g/g tissue, P � 0.05). These mice were
given STZ to induce diabetes, as described above in
experiments using FVB mice. Two months after STZ treat-
ment, cardiac function and fibrotic effect were evaluated
by LV hemodynamic analysis and Sirius red staining of
collagen. As shown in Figure 6, between control and
diabetic groups either in the WT or in the MT-TG mice
there were no significant differences for the basal heart
rate (HR), the basal maximum rate of intraventricular
pressure rise (�dP/dt) and basal minimum rate of intra-
ventricular pressure fall (�dP/dt) during ventricular con-
traction, and tau, the constant of pressure decay, al-

Figure 4. Diabetes-induced increases in serum and cardiac TNF-� and ETs.
Serum and cardiac TNF-� and ET-1 were measured using specific enzyme-
linked immunosorbent assay kits as described in Material and Methods, 2
weeks (2 W) and 2 months (2 M) after STZ treatment. *P � 0.05 versus
control; #P � 0.05 versus diabetes.

Figure 5. Diabetes-induced cardiac oxidative damage. Immunohistochemi-
cal stainings for 3-nitrotyrosine (3-NT) and 4-hydroxynonenal (4-HNE) were
performed in control, diabetic mice, and insulin-treated diabetic mice 2
weeks after STZ treatment. Semiquantitative analysis was performed by using
computer-imaging system for the percentage of positive staining, as de-
scribed in Material and Methods. *P � 0.05 versus control; #P � 0.05 versus
diabetes.
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though there was a trend of decreased �dP/dt in the WT
diabetic mice.

After isoproterenol stimulation, HR was significantly
increased in both the control and diabetic groups either
from the WT and MT-TG mice. The values of �dP/dt in
both WT and MT-TG control mice were significantly in-
creased (Figure 6, white columns). More important, this
value in the MT-TG diabetic mice was also significantly
increased in response to isoproterenol stimulation, similar
to that in the MT-TG control group; however, it was almost
not changed in the WT diabetic mice (Figure 6). The
remarkable loss of inotropic reserve uncovered during
�-adrenergic stimulation suggests the cardiac dysfunc-
tion in WT diabetic mice, whereas MT-TG diabetic mice
still preserve this important cardiac function. Histopatho-
logical examination by Sirius red staining of collagen
showed the existence of cardiac fibrosis in the WT dia-
betic mice (Figure 7; A, C, and E), but not in the MT-TG
diabetic mice, (Figure 7; B, D, and E).

Discussion

Diabetes-Induced MT Synthesis in the Heart

In this study, we demonstrated for the first time that as an
antioxidant and stress-responsive protein, MT was also
up-regulated at mRNA and protein levels in the hearts of
diabetic mice 2 weeks and 2 months after STZ treatment.
There were several pieces of indirect evidence in support

of diabetes-induced up-regulation of cardiac MT. Be-
sides hyperglycemia, hyperlipidemia is also a key feature
in diabetic patients even for type 1 diabetics,1–4 as indi-
cated in the present study (Figure 1C). Puskas and col-
leagues43 fed rats with high-fat food for 8 weeks to in-
duce a hyperlipidemia model in which MT-II mRNA,
discovered by microarray and defined by real-time PCR
analysis, was increased approximately twofold to three-
fold in the heart as compared to normal rats. In another
study, using skeletal muscle from diabetic rats and hu-
mans, increased expression of MT-II mRNA, discovered
by microarray analysis, was also documented.44 The in-
creased expression degree (twofold to threefold) and
isoform of the MT (MT-II) in the heart in response to these
diabetes-related stresses are same as those observed in
the present study (Figures 2 and 3).

Possible Mechanisms Underlying the Cardiac
MT Induction in Response to Diabetes

Up-regulation of MT expression was observed in the liver
and kidney of STZ-induced diabetic rats, but seems not
to be directly due to metal alterations.18–20 The present
study, showing no change in cardiac Zn and Cu con-
tents, and decrease in hepatic Zn content with a signifi-
cant induction of cardiac and hepatic MT in response to
diabetes, suggests that cardiac or hepatic MT induction
in response to diabetes was not related to metal contents.

Figure 6. Comparison of cardiac function changes between MT-TG and WT
mice. LV hemodynamic performance was examined in the control (white
columns, n � 4) and diabetic (black columns, n � 5 or 6) groups from WT
and MT-TG mice. The representative endpoints including HR, �dP/dt, �dP/
dt, and tau were examined by basal condition (before) and after isoproter-
enol stimulating condition (after). *P � 0.05 versus basal line (before); #P �
0.05 versus WT.

Figure 7. Diabetes-induced cardiac fibrosis. Cardiac fibrosis was evaluated
by sirius red staining of collagen in the heart of control (A, B, or white
columns in E) and diabetic (C, D, or black columns in E) groups between
WT (A, C) and MT-TG (B, D) mice 2 months after STZ treatment. *P � 0.05
versus control; #P � 0.05 versus WT diabetes.
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The possibility of the direct effect of STZ on cardiac MT
induction in the present study was also excluded be-
cause of the complete prevention of cardiac MT induction
by insulin treatment in diabetic mice 2 weeks after STZ
treatment. This is consistent with a previous study in
which renal and hepatic MT induction in STZ diabetic rats
were completely prevented by insulin treatment.45 Al-
though we did not include an insulin-treated diabetic
group in the diabetic mice 2 months after STZ treatment,
the increased expression of cardiac MT in diabetic mice
is most unlikely due to STZ direct effect because MT
protein turnover is �3 or 4 days in most organs.10,23–26 In
support of this notion, renal and hepatic MT contents
were found to be significantly increased in spontaneously
ob/ob diabetic mice and BB diabetic rats.46,47 Therefore,
the cardiac MT expression in response to diabetic mice
should not be related to STZ direct effect.

A significant increase in serum and cardiac ET-1 levels
were observed in diabetic mice 2 weeks or 2 months after
STZ treatment (Figure 4). Vasopeptide ET-1 plays an
important role in the induction of hepatic and renal MT
synthesis in response to diabetes.20 We demonstrated
that in STZ diabetic rats, hepatic and renal MT contents at
both mRNA (MT-II) and protein levels were significantly
increased 6 months after diabetes onset. Application of
ET-1-specific agonist Bosentan significantly prevented,
in part, increases in MT levels in the liver and kidney. The
important role of ET-1 in diabetes-induced MT synthesis
was further supported by an in vitro study,48 in which
MT-II mRNA expression and protein production were el-
evated in endothelial cells exposed to high levels of
glucose, and further enhanced by the addition of exog-
enous ET-1 into the cultures. Addition of ET receptor
blockers to these cultures partially prevented MT produc-
tion.48 The partial prevention of diabetes- or high-level
glucose-induced MT expression by blocking ET system
suggests the involvement of other mechanisms in MT
induction in response to diabetes.

The induction of MT synthesis by cytokines has been
extensively documented under both in vivo and in vitro
conditions.10,12 For example, radiation-induced MT pro-
tein synthesis was demonstrated mainly in the in vivo
condition, whereas a very weak effect was observed in
the in vitro conditions due to lack of a systemic inflamma-
tory response.12 One of the major cytokines effective in
inducing MT synthesis is TNF-�.10,12 TNF-� is expressed
at a very low level in the normal heart49 but is significantly
increased in response to various stresses including dia-
betes.34,50 In the present study, both serum and cardiac
TNF-� levels were significantly elevated in the diabetic
mice 2 weeks or 2 months (only serum level) after STZ
treatment (Figure 4, A and B). Therefore the increased
systemic and cardiac TNF-� may be one of the mecha-
nisms responsible for cardiac MT induction in response
to diabetes.

Induction of MT protein expression by oxidative stress
has been observed in the rats and mice exposed to
chemicals or radiation.9,12 Cardiac oxidative stress is
found to be a major cause for diabetic cardiomyopathy,
which may relate to multiple factors including what were
observed in the present studies: hyperglycemia, hyper-

lipidemia, and inflammatory response such as induction
of ET-1 and TNF-� in response to diabetes (Figures 1 and
4). As mentioned earlier, oxidative stress includes over-
production of ROS or RNS and suppression of antioxidant
capacity. GSH, a free radical scavenger, plays an impor-
tant role in the maintenance of protein sulfhydryl
groups.4,36 During inactivation of ROS such as hydrogen
peroxides, GSH is converted to oxidized form (GSSG);
therefore, an increased GSSG:GSH ratio is used as the
index of oxidative stress.36 Consistent with the results of
previous work,30 an increase in the GSSG:GSH ratio was
found in the hearts of diabetic mice 2 weeks after STZ,
suggesting the existence of cardiac oxidative stress in
the current diabetic model. Increasing evidence indi-
cates that superoxide overproduction derived from dia-
betes plays a critical role in the development of diabetic
cardiovascular complications2–7 because it interacts with
nitric oxide to form peroxynitrite or derives hydrogen
peroxide in the presence of superoxide dismutase, and
then causes protein nitration or lipid peroxidation. In sup-
port of this notion, significant increases in 3-NT and
4-HNE protein adducts, detected by immunohistochem-
ical staining, were observed in the diabetic hearts (Figure
5). Therefore, we conclude that cardiac MT induction is
most likely due to the occurrence of cardiac oxidative
stress associated with diabetic multiple factors, including
increased systemic increases ET-1 and TNF-�.

Possible Biological Importance of Diabetes-
Induced MT Synthesis

MT can suppress production of proinflammatory factors
including TNF-�51 and protect the heart from various
oxidative damage.10,19,25,41 Therefore, cardiac MT syn-
thesis in response to diabetes may be an adaptive mech-
anism to compensate for cardiac TNF-� increase and
associated oxidative damage. We have shown that car-
diac cell death significantly increased after exposed to
TNF-� in vitro and MT can significantly inhibit this effect.41

We also noted that cell death takes place in the heart of
diabetic mice and rats, with a high incidence at early
stage (7 to 14 days after STZ treatment) than that at later
stage.32,52 Therefore, the lower incidence of cardiac cell
death in the later stage may be related to cardiac MT
induction as an adaptive mechanism in the heart. In fact,
MT induction has been indicated in the preconditioned
heart11and cardiac-specific overexpressing MT signifi-
cantly protected from ischemia/reperfusion-induced car-
diac damage.53

However, if MT is up-regulated in response to diabetes
as an adaptive response to protect the heart from dam-
age, why does it not prevent the occurrence of diabetic
cardiomyopathy? We hypothesize that the up-regulated
MT expression observed under these conditions in the
WT mice is secondary to diabetes-caused systemic injury
and organ damage. This damage induces MT induction
but also simultaneously initiates the pathogenesis of di-
abetic cardiomyopathy. Therefore, the diabetes-induced
MT expression in the heart does not prevent the initiation
of diabetic cardiomyopathy, but may prevent diabetes-
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induced further cardiac damage and consequently slow
the progression of the diabetic cardiomyopathy. To pre-
vent the occurrence of diabetic cardiomyopathy, pre-
enhanced cardiac MT content may be requested. In line
with this notion, the present study provides the evidence
that MT-TG mice were significantly resistant to diabetes-
induced cardiac injury. Although the present study only
presents a cardiac examination between MT-TG and WT
diabetic mice at a relatively short period (�2 months)
after diabetes induction, at which time point typical fea-
tures of cardiomyopathy such as diastolic dysfunction
may be still not developed, a moderate cardiac dysfunc-
tion was still evident, shown by a significant loss of car-
diac inotropic reserve under stimulating condition and an
increase in cardiac fibrosis. These moderate abnormali-
ties were completely prevented in the MT-TG mice, which
is consistent with our previous studies and others.27–31

These results suggest that to prevent the development
of diabetic cardiomyopathy requires a pre-up-regulated
MT in the heart. This is a very important and clinically
relevant issue because MT is inducible by physical stress
such as exercise and MT inducer such as Zn.10,12 How-
ever, the overexpressed MT in the transgenic mice used
in these previous studies27–31 is only in the cardiac myo-
cytes and also 20- or 100-fold higher than control level,
both which are impossible to be manipulated by pharma-
ceutical approach such as administration of MT inducer.
Our earlier study has indicated that in a cardiac-specific
catalase-overexpressing transgenic mouse model, which
was also proved to prevent diabetic cardiomyopathy by
others,54 catalase protection against adriamycin-induced
cardiac damage is gene dose-dependent.55 Neither a
line with 15-fold increase nor a line with 200-fold or
greater increase in cardiac catalase over normal level
provided apparent protection, and a line with 100-fold
increase in the cardiac catalase provided a maximal
protection.55 Whether MT cardiac protection from diabe-
tes is also dose-dependent and whether MT expression
in the heart at an inducible level provides cardiac pro-
tection from diabetes will be critical issues before explor-
ing its clinical application. Therefore, an innovative and
important finding of the present study is to provide the
direct evidence using a nonorgan-specific MT-TG mouse
model that cardiac MT content at an inducible level such
as induced by Zn25,26 provides a significant protection
from diabetes-induced cardiac injury.
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